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The vertebrate liver and heart arise from adjacent cell layers in the anterior lateral (AL) endoderm and mesoderm of late gastrula embryos,
and the earliest stages of liver and heart development are interrelated through reciprocal tissue interactions. Although classical embryological
studies performed several decades ago in chick and quail defined the timing of hepatogenic induction in birds and the important role for
cardiogenic mesoderm in this process, almost nothing is known about the molecular aspects of avian liver development. Here we use in vivo
and explantation assays to investigate tissue interactions and signaling pathways regulating Hex, a homeobox gene required for liver
development, and the earliest stages of hepatogenesis in the chick embryo. We find that explants of late gastrula anterior lateral endoderm
plus mesoderm, which have been used extensively for studies relating to heart development, also produce albumin-expressing hepatoblasts.
Expression of Hex, the earliest known molecular marker for the hepatogenic endoderm, and albumin, indicative of early committed
hepatoblasts, requires both autocrine Bmp signaling and a specific paracrine signal from the cardiogenic (anterior lateral) mesoderm.
Endodermal expression of Fox2a, in contrast, requires the mesoderm but is independent of Bmp signaling. In vivo induction assays show that
the ability of BMP2 to activate Hex expression in the endoderm is restricted to a region that is only slightly larger than the endogenous
domain of Hex expression. Although Fgfs can substitute for the cardiogenic mesoderm to support the expression of Hex and albumin in the
endoderm, several Fgf genes are expressed in the anterior lateral endoderm but an Fgf expressed predominantly in the mesoderm was not
identified. Studies also showed that Fgf gene expression in the endoderm does not require a signal from the mesoderm. Mechanisms
regulating endodermal signaling pathways activated by Fgfs may therefore be more complex than previously appreciated.
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The vertebrate heart and liver arise from adjacent cell
layers in the anterior lateral (AL) regions of late gastrula
embryos (Rawles, 1936, 1943). Organ primordia arise
bilaterally, and through cell migration and overall embryo
folding coalesce along the ventral midline to form a single
heart and liver (DeHaan, 1963a, 1964). The myocardium
and endocardium are derived primarily from the AL
mesoderm, while the liver parenchyma arises from the
adjacent endoderm.0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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mental Biology, Yale University, New Haven, CT 06511, USA.The earliest stages of heart and liver development are
interrelated through reciprocal inductive interactions,
which were first investigated in avian embryos. In chick,
cardiac myocyte differentiation and heart tube formation
begin at approximately 30 h of incubation (HH stage 8–
9), while the first stages of hepatoblast differentiation and
liver morphogenesis begin slightly later in the adjacent
endoderm. Specification of hepatoblasts from the hepato-
genic endoderm requires specific interaction with the
cardiogenic mesoderm before stage 8 (5 somites), while
a subsequent less specific mesoderm-derived signal leads
to proliferation and elaboration of the liver buds (Fukuda,
1979; Fukuda-Taira, 1981; Hunt, 1931; Le Douarin, 1964,
1969, 1975; Sherer, 1975; Sumiya, 1976; Sumiya and
Mizuno, 1976). These two interactions have been termed
primary and secondary hepatic induction, respectively (Le
Douarin, 1975). Just as the cardiogenic mesoderm pro-
vides important inductive cues regulating liver develop-
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genesis. Removal of anterior endoderm at gastrula stages
prevents expression of several cardiogenic regulatory
genes and heart development (Alsan and Schultheiss,
2002; Antin et al., 2002; Orts-Llorca and Gill, 1965; Sugi
and Lough, 1994), and AL endoderm can induce some
noncardiogenic cells to become beating cardiac myocytes
(Schultheiss et al., 1995).
Investigations of the signaling pathways underlying
these tissue interactions have converged on the roles of
Fgfs and Bmps during both heart and liver development
(for reviews, see Duncan, 2003; Sugi and Lough, 2000;
Zaret, 2002). In chick, Bmp2 expressed specifically within
the AL endoderm at late gastrula stages is required for
upregulation of several cardiogenic regulatory genes in the
adjacent mesoderm and for the appearance of differentiated
cardiac myocytes (Andre´e et al., 1998; Schlange et al.,
2000; Schultheiss et al., 1997). Bmp signaling is also
required for the morphogenetic movements that form the
foregut and bring the bilateral heart and liver fields
together (Antin et al., 2002; Walters et al., 2001). Fgfs
were first implicated in avian heart development by Lough
et al., who showed that Fgf2 plus Bmp2, but neither
growth factor alone, would induce cardiac myogenesis in
late gastrula posterior mesoderm (Barron et al., 2000; Ladd
et al., 1998; Lough et al., 1996). Fgfs1, 2, 4, and 8 have
been localized to the AL endoderm, and Fgf2 can substitute
for the AL endoderm to induce expression of Nkx2.5 in the
mesoderm (Alsan and Schultheiss, 2002; Parlow et al.,
1991; Zhu et al., 1996). Fgfs and Bmp2 produced by the
AL endoderm therefore play a pivotal role in regulating
cardiac myogenesis.
Despite the extensive literature concerning heart devel-
opment in avian embryos, virtually all studies concerning
the molecular regulation of hepatogenesis have been per-
formed in mouse. Fgfs and Bmps produced by the cardio-
genic mesoderm and septum transversum mesenchyme are
required for activation of hepatogenic genes in the endo-
derm before the seven somite stage, and later for outgrowth
of liver buds into the septum transversum mesenchyme
(Jung et al., 1999; Rossi et al., 2001). When ventral
endoderm from late gastrula mouse embryos was cultured
alone, pancreatic genes were activated, while addition of
Fgfs1 or 2 led to the suppression of pancreatic genes and
activation of liver gene expression (Jung et al., 1999). Using
explants from BMP 4/embryos, it was shown that Bmp
signaling is also required to suppress pancreas development
and induce hepatogenic genes (Rossi et al., 2001). Com-
bined actions of Bmps and Fgfs are therefore required to
exclude a pancreatic fate and induce hepatogenesis in the
endoderm. Recent studies have also shown that vascular
endothelial cells produce important cues that are required for
liver development beyond the stage of hepatoblast specifi-
cation (Matsumoto et al., 2001), though the identity of
hepatogenic factors produced by endothelial cells remains
unresolved.Of the several classes of transcriptional regulatory pro-
teins that have been identified in the developing liver
(Duncan, 2003; Zaret, 2002), Fox2a and Gata-4 have
received considerable attention because each is required
for development of the ventral foregut endoderm and for
expression of hepatogenic genes. Studies by Zaret et al.
have shown that these factors can bind to enhancers in
compacted chromatin, altering its conformation and allow-
ing interactions with additional factors (Bossard and Zaret,
1998; Cirillo et al., 2002; Gualdi et al., 1996; Shim et al.,
1998). Fox2a and Gata factors may therefore give endoderm
the competence to respond to hepatic specification signals,
permitting the binding of additional specification factors to
hepatogenic gene regulatory regions.
One candidate for an early hepatogenic specification
factor is the divergent homeobox protein Hex (also known
in birds as Prh; Bedford et al., 1993; Crompton et al.,
1992; Hromas et al., 1993). Hex is the earliest identified
marker for endoderm that will form the liver (Bogue et
al., 2000; Newman et al., 1997; Thomas et al., 1998;
Yatskievych et al., 1999), and ablation of the mouse Hex
gene results in almost complete absence of liver develop-
ment (Keng et al., 2000; Thomas et al., 1998). It has
recently been reported that autocrine Bmp2 signaling is
required for Hex expression in the avian endoderm, and
that the Bmp signaling pathway acts directly on the
mouse Hex promoter through defined Smads responsive
elements (Zhang et al., 2002). It therefore appears that
Hex is directly downstream of Bmp signaling in the
hepatogenic pathway.
Despite the classical embryological studies of Le
Douarin and others defining the timing of hepatogenic
induction in birds and the important role for cardiogenic
mesoderm in this process, almost nothing is known about
the molecular aspects of avian liver development. Here we
investigate tissue interactions and signaling pathways
regulating hepatogenesis in chick embryos, focusing on
Hex expression and the earliest stages of hepatocyte
specification. We find that AL region endoderm–meso-
derm explants, which have been used extensively for
studies relating to heart development, also give rise to
albumin-expressing hepatoblasts. Expression of Hex and
albumin in hepatogenic endoderm requires both Fgf and
Bmp signaling, while expression of Fox2a is independent
of Bmp signaling. Similar to results obtained in mice
(Gualdi et al., 1996; Jung et al., 1999; Rossi et al., 2001),
explant and in vivo studies identify an Fgf-like signal
from the cardiogenic mesoderm that is required for
hepatogenesis in the endoderm. However, while several
Fgfs are expressed specifically in the hepatogenic endo-
derm and in the ectoderm, a survey of Fgf gene expres-
sion failed to identify an Fgf ligand that is expressed
preferentially in the cardiogenic mesoderm, suggesting
that the regulation of Fgf signaling activity during hep-
atogenic specification may be more complex than previ-
ously appreciated.
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Chicken embryo culture and manipulation
Embryos were removed from fertile chick eggs following
incubation at 37jC in a humid incubator, then staged
according to Hamburger and Hamilton (1951), and cultured
as described by New (1955). For some embryos, tungsten
needles were used to remove anterior mesoderm or endo-
derm. Control or noggin-expressing CHO cells were cul-
tured, aggregated, and implanted into embryos as described
previously (Zhang et al., 2002). Heparin-acrylamide (Sigma)
beads were soaked on ice for 1 h in 20 Ag/ml human
recombinant Fgf2 or 50 ng/ml human recombinant BMP2
(Genetics Institute, Cambridge, MA), and beads were then
implanted into the ventral side of the embryo through a small
slit cut into the endoderm. Embryos were incubated for 6–12
h and then processed for whole mount in situ hybridization.
Chicken embryo explants
Isolation of anterior lateral endoderm and mesoderm
was performed as described (Antin et al., 1994). Endo-Fig. 1. Hex expression and regulation of hepatogenesis in chick embryo explants
ventral views. Hex expression is observed in the blood islands, the prechordal pl
(1975) showing the region of endoderm possessing hepatogenic potency (stip
hepatogenesis assays. (F and G) Brightfield micrographs showing in situ hybri
mesoderm explants cultured for 48 h.derm or endoderm plus mesoderm was transferred to a
fibronectin-coated lab Tek chamber slide (Naperville, IL)
and cultured in DMEM plus 5% fetal bovine serum.
Control or noggin-containing medium was conditioned
for 3 days with control CHO cells or CHO cells
expressing Xenopus noggin (gift of R. Harland, Univer-
sity of California). Medium containing Fgfs included
heparin sulfate (50 ng/ml) and 0.1% bovine serum
albumin plus human recombinant Fgf1, 2, 4, or mouse
Fgf8b (R&D Systems). Fgfs were used at concentrations
that were previously shown to induce hepatogenesis in
mouse (Jung et al., 1999).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed as
previously described (Nieto et al., 1996), with slight
modifications (Antin et al., 2002). For in situ hybridization
analysis of explanted tissues, the proteinase K treatment
was eliminated. Digoxigenin-labeled antisense probes were
generated according to manufacturers’ instructions
(Roche). The cDNA plasmids used for preparing in situ
hybridization probes are as follows: a chicken Fgf1 partial. (A–D) Hex mRNA localization in stage 5, 6, 10, and 12 chick embryos,
ate, and in the hepatogenic endoderm. (E) Drawing after Le Douarin et al.
pled areas) and the regions of endoderm plus mesoderm explanted for
dization localization of Hex (F) and albumin (G) mRNAs in endoderm–
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Project (Boardman et al., 2002; Chest 508I7); a 245-nt
fragment of Fgf2 spanning exons 1–3 was the gift of J.
Lough (Medical College of Wisconsin); a 600-nt fragment
of Fgf4 was the gift of G. Martin (UCSF); full-length Fgf8
and Fgf12 cDNAs were the generous gifts of G. Schoen-
wolf (University of Utah); full-length chicken Hex cDNA
was the gift of G.H. Goodwin (Institute of Cancer Re-
search, London); Nkx 2.5 cDNA was obtained from T.
Schultheiss (Beth Isreal Deaconess Medical Center, Bos-
ton). cDNAs corresponding to 831 nt of the chicken Fox2a
mRNA and 1154 nt of the chicken albumin mRNA were
generated by RT-PCR from stage 17 chick embryos RNA
using the following primers: Fox2a, CTACTCCTA-Fig. 2. Regulation of Hex expression by Bmp2. (A–I) Expression of Hex (A, B, an
control (A–E) or noggin-treated (F– I) embryos. Asterisks in (F– I) show location o
Hex and mesodermal expression of Nkx2.5 were inhibited by noggin, Fox2a and B
effect on Hex or Nkx2.5 mRNA levels (not shown; Zhang et al., 2002). (J–M) Ind
ml Bmp2 were implanted into various regions of stage 5 embryos, cultured for 6
adjacent to beads implanted just posterior or lateral to the endogenous Hex express
anterior medial or posterior regions (arrows in J and K). Ectopic induction of HeCATCTCGCTCATC and CGGGAATACACCTTGGTAG-
TAAG; albumin, TCTTCAGTTCAGCAACATCCAGG
and ACTCAGCAGGGTTATCAGTTTTGC.
RT-PCR analysis
Total RNA was isolated from cultured explants with
STAT-60 according to manufacture’s instructions (TEL-
TEST, Inc). The reverse transcription reaction was per-
formed with 25 ng of total RNA using Superscript II
(Invitrogen); a parallel tube was incubated without Super-
script II as a no RT control. RT-PCR reactions were
performed using 1/25th of the cDNA reaction as template
and 0.3 ACi of [32P]dATP in 50 Al total volume. Thed F), Nkx2.5 (C and G), Fox2a (D and H), and Bmp2 (E and I) in stage 5–7
f pellets of noggin-expressing CHO cells. While endodermal expressions of
mp2 transcript levels remained unaffected. Control CHO cell pellets had no
uction of Hex expression by ectopic Bmp2. Heparin beads soaked in 50 ng/
h, and assayed for Hex expression. Ectopic Hex expression was observed
ion domain (asterisks in J, K, and L), but not around beads implanted in the
x by Bmp2 was restricted to the endoderm (arrow in M).
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remain in the linear range of amplification. PCR samples
were run on non-denaturing 5% acrylamide gels and radio-
active products visualized using an Instant Imager. Primers
used for RT-PCR analysis are:
Hex: CGGGAAGGAGGATTTTATGAGG and
ATTCGTTCGCACACACAAAAGGC
Fox2a: TCGCACAAAATGGACCTCAAG and
CGGGAATACACACCTTGGTAGTAAG
Albumin: TCTTCAGTTCAGCAACATCCAGG and
GCAGTGGTTTTGAGCATTCAGG
GAPDH: CTGGAATGGCTTTCCGTGTG and
ACCCGCATCAAAGGTGGAAG.Fig. 3. (A) RT-PCR analysis of mRNA isolated from AL region explants cultured
for Hex and albumin, but not Fox2a, were greatly reduced by noggin treatment. (B
and Fox2a (F and G) in endoderm plus mesoderm explants cultured in control
Expression of albumin and Hex was greatly reduced following noggin treatment, w
Hex and albumin expression in control versus noggin-treated endoderm–mesoder
staining intensities.Results
Hepatogenesis in explants of late gastrula anterior lateral
region endoderm plus mesoderm
The homeobox gene Hex is expressed in multiple cell
and tissue types during vertebrate embryogenesis (Bogue et
al., 2000; Chapman et al., 2002; Keng et al., 2000; Newman
et al., 1997; Thomas et al., 1998; Yatskievych et al., 1999).
In chick, Hex expression is first detected in the pregastrula
hypoblast, which during gastrulation is displaced by the
endoderm to an anterior crescent. During gastrula stages,
Hex transcripts are observed in Hensen’s node (not shown),
the prechordal plate mesendoderm, the blood islands, and inin control or noggin-containing medium for 48 h. Levels of mRNAs coding
–G) Micrographs showing expression of albumin (B and C), Hex (D and E),
(B, D, and F) versus noggin containing (C, E, and G) medium for 48 h.
hile Fox2a mRNA levels were not affected. (H) Graphical representation of
m explants. Explants were scored high, medium, low, or none according to
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lateral] endoderm; Figs. 1A, B and 2A; Chapman et al.,
2002). Hex expression in the AL endoderm marks the future
liver and is maintained throughout the later stages of he-
patogenesis (Figs. 1C and D; Yatskievych et al., 1999). Hex
expression also persists in the developing thyroid.
Fate mapping studies have shown that the AL mesoderm
of late gastrula embryos gives rise to the heart, while the
endoderm gives rise to the liver (Rawles, 1943; Rosenquist,
1966, 1970; Willier and Rawles, 1931). Although many
investigators have used AL region explants to study heart
development (Arias et al., 1987; DeHaan, 1963a,b; Gonza´-
lez-Sanchez and Bader, 1990; Le Douarin, 1975; Linask and
Lash, 1993; Lough et al., 1990; Sugi et al., 1993; Yamazaki
and Hirakow, 1991), their hepatogenic potential has been
largely neglected. When explanted AL region endoderm plus
mesoderm (Fig. 1E) was cultured for 48 h and then assayed
for expression of Hex and the early hepatoblast marker
albumin, greater than 90% (22 of 24 explants) expressed
both Hex and albumin (Figs. 1F and G). All explants also
contained a region of beating cardiac myocytes. Previous
studies have shown that differentiated cardiac myocytes are
first detectable approximately 18 h after explantation of
endoderm plus mesoderm from stage 5 embryos, similar to
the timing of cardiac myogenesis in vivo (Antin et al., 1994).
Time course studies demonstrated that by in situ hybridiza-
tion, the first albumin-expressing cells were evident in a
minority of explants approximately 24 h following explan-
tation, while after 48 h almost all explants were albumin-
positive. Hepatogenesis is therefore somewhat delayed rela-
tive to cardiogenesis in AL region explants, similar to the
timing observed in vivo. Endoderm–mesoderm explants
from other regions of the embryo failed to express Hex or
albumin in the endoderm (data not shown).
Bmp regulation of hepatogenic gene expression
Bmp2 is expressed in the AL endoderm of late gastrula
stage embryos in a pattern that coincides with the Hex
expression domain (Figs. 1A, B and 2A, E; Andre´e et al.,
1998; Schultheiss et al., 1997; Yatskievych et al., 1999).
Implantation of CHO cells expressing the Bmp antagonist
noggin inhibits Hex expression in AL endoderm (Fig. 2F;
Zhang et al., 2002). Noggin also inhibited expression of
the cardiogenic regulatory gene Nkx2.5 in the overlying
mesoderm (Fig. 2G, Andre´e et al., 1998; Schlange et al.,
2000; Schultheiss et al., 1997) but had no effect on the
expression of Fox2a (Figs. 2D and H). Bmp2 mRNA levels
were similarly unaffected by noggin (Figs. 2E and I),
indicating that Bmp2 expression is not regulated by auto-
crine Bmp signaling.
To investigate the ability of Bmp2 to activate Hex in the
endoderm, BMP2-soaked beads were implanted at various
locations within stage 5 embryos and Hex expression
assayed 6 h later. BMP2 induced Hex expression in endo-
derm just lateral or posterior to the endogenous Hexexpression domain, but had no ability to induce Hex
expression in anterior medial locations or in any region
within the posterior half of the embryo (Figs. 2J–L). These
results show that Bmp signaling is required for Hex expres-
sion and is sufficient to ectopically activate Hex expression
only in a region of endoderm that is slightly larger than the
endogenous Hex expression domain.
Bmp signaling is also required for Hex and albumin
expression in explants of stage 5–6 AL endoderm plus
mesoderm. While control explants cultured for 48 h showed
robust expression of both Hex and albumin (Figs. 1F, H and
3B, D), explants cultured in noggin-containing medium
showed greatly reduced levels of albumin and Hex transcripts
(Figs. 3A, C, E, and H). Expression of Fox2a, in contrast, was
unaffected by noggin (Figs. 3F and G). Taken together, these
in vivo and explant findings show that expression of Hex and
albumin, but not of Fox2a, require Bmp signaling.
Hex expression requires a signal from the mesoderm
Hex is the earliest marker for endoderm that will form the
liver (Bogue et al., 2000; Newman et al., 1997; Thomas et al.,
1998; Yatskievych et al., 1999), and an interaction with the
cardiogenic mesoderm is required for liver development
(Gualdi et al., 1996; Jung et al., 1999; Le Douarin, 1964,
1975). To determinewhetherHex expression inAL endoderm
requires a signal(s) from the mesoderm, mesoderm was
removed from one side of the anterior region of stage 4+
embryos while leaving the endoderm intact. In situ hybrid-
ization analysis demonstrated that removal of mesoderm
greatly reduced Hex mRNA levels in the adjacent AL
endoderm (Figs. 4A and D). Although a new mesodermal
layer containing Hex-expressing angioblasts sometimes re-
formed, this mesoderm was incapable of supporting Hex
expression in the adjacent endoderm. Removal of mesoderm
also inhibited expression of Fox2a (Figs. 4C and E). For the
embryo shown in Figs. 4C and E, the forming heart on the
control side is immediately juxtaposed to the thickened
Fox2a-positive liver primordia, while on the operated side,
Fox2a staining is absent and the endoderm remains a thin
layer. Because Bmp2 signaling is required for expression of
Hex, we also assessed the effects of mesoderm removal on
Bmp2 expression in the endoderm. As shown in Figs. 4B and
F, Bmp2 transcript levels were unaffected by removal of
mesoderm, indicating that Bmp2 expression in the endoderm
is regulated by mechanisms independent of mesoderm-de-
rived signals.
To determine whether the AL (precardiac) mesoderm was
capable of activating Hex or Fox2a in the endoderm outside
the anterior lateral region, AL mesoderm was transplanted to
posterior regions and 6 h later embryos were assayed for the
presence of Hex or Fox2a transcripts in adjacent endoderm.
Results showed that the AL mesoderm was incapable of
upregulating expression of either gene in posterior endo-
derm (Figs. 4G–I). Conversely, when posterior mesoderm
was transplanted into the AL region, the AL endoderm
W. Zhang et al. / Developmental Biology 268 (2004) 312–326318immediately adjacent to the transplanted posterior meso-
derm failed to express Hex even though blood islands that
formed within the transplanted posterior mesoderm con-
tained Hex transcripts (Figs. 4J–M).
The importance of mesoderm for expression of Hex,
Fox2a, and albuminwas also demonstrated in explants.When
AL mesoderm plus endoderm was cultured for 48 h, Hex,
albumin, and Fox2a expression was evident in endodermal
cells of the explants (Figs. 5A, C, and E). When endodermwas explanted alone, however, expression of all three genes
was greatly reduced (Figs. 5B, D, and F). The number of
necrotic or apoptotic cells was very low (less than 1% of cells)
and similar in explants of endoderm versus endoderm plus
mesoderm. These results and the previous experiments dem-
onstrate that while expression of Hex and albumin requires
both autocrine BMP signaling plus a signal from the cardio-
genic mesoderm, Fox2a expression requires a mesoderm
signal but is independent of endoderm-derived Bmp2.
Fig. 5. Mesoderm is required for Hex, albumin, and Fox2a expression in
explanted AL endoderm. Explants of AL endoderm plus mesoderm (A, C,
and E) or AL endoderm (B, D, and F) were cultured for 48 h and assayed by
in situ hybridization for expression of Hex (A and B), albumin (B and D), or
Fox2a (E and F). In each case, expression is greatly reduced or undetectable
in the absence of mesoderm.
W. Zhang et al. / Developmental Biology 268 (2004) 312–326 319Fgfs can substitute for the mesoderm to induce Hex and
albumin expression in AL endoderm
Zaret et al. have shown that the mouse cardiogenic
mesoderm produces Fgf signals that are required for hepato-
genesis in the endoderm (Jung et al., 1999; Rossi et al.,
2001). To determine whether Fgf signaling could induce
Hex expression and hepatogenesis in avian AL endoderm,Fig. 4. Mesoderm is required for expression of Hex and Fox2a, but not of Bmp2, i
region mesoderm has been unilaterally removed from the embryo left side (right sid
hybridization for expression of Hex (A and D), Bmp2 (B and F), and Fox2a (C
endoderm on the side lacking mesoderm (arrows). The lack of mesoderm in the
expresses Fox2a in the floorplate, to become displaced to the right. (D) Transverse
in the endoderm. Arrow points to the thin endodermal layer on operated side. Some
that has invaded the operated region. (E) Transverse section through Fox2a-staine
endoderm is intimately associated with the forming heart tube (arrowheads). On
remained thin and fails to express Fox2a (arrow). (F) Transverse section through
(arrow) despite removal of the adjacent mesoderm. (G–I) Failure of AL mesoderm
of embryo showing Hex expression following transplantation of AL mesoderm to
that Hex expression has not been induced in the endoderm (arrow). (I) Ventral vie
the posterior region (arrow). Fox2a expression is not detected in the region of the tr
AL endoderm. (J) Ventral view of stage 5 embryo 6 h following replacement of
observed within blood islands that have formed within the transplanted posterior
Hex expression is evident in AL endoderm on the left (control), but not on the righ
and right regions of K. Arrows point to the endoderm. Asterisks in M mark Hexendoderm was cultured in medium containing Fgf2 and then
assayed for Hex and albumin expression. As shown in Fig.
6, Fgf2 increased Hex expression in the endoderm and
rescued early hepatogenesis, as assayed by the presence of
albumin transcripts. Treatment with Fgf2 also induced
morphological outgrowth of the cell layer into a liver bud-
like structure (Figs. 6C and D). SU5402, an inhibitor of
FgfR1 function, dramatically reduced albumin expression in
endoderm plus mesoderm explants (Figs. 6F and G), pro-
viding additional evidence that the mesodermal signal is
mediated by Fgf signaling. Addition of noggin to Fgf-
treated endoderm inhibited albumin expression (Fig. 6I),
demonstrating that both Fgf and Bmp signaling are required
for the appearance of albumin-expressing cells in the
endoderm. A survey of several additional Fgf ligands
demonstrated that Fgfs 1, 2, 4, and 8b induced albumin
expression in the AL endoderm (Fig. 6J). EGF and IGF
were unable to induce albumin expression in this assay (data
not shown). To determine whether Fgf2 or Bmp2 could
induce hepatogenic genes in non-hepatogenic endoderm,
endoderm from the posterior regions of stage 5 embryos was
explanted and cultured in the presence of Fgf2 or Fgf2 plus
Bmp2 and then assayed for albumin expression. In neither
case were albumin transcripts detected (Figs. 6G and H).
Approximately 20 Fgf ligands have been reported in
birds, and several publications have described expression of
the known chicken Fgf genes during early stages of em-
bryogenesis (Alsan and Schultheiss, 2002; Karabagli et al.,
2002a,b; Parlow et al., 1991; Zhu et al., 1996). Using these
data as a starting point, we analyzed all Fgfs showing some
expression in the anterior region of late gastrula chick
embryos (Fig. 7). Fgfs 1, 2, 4, 8, and 12 were expressed
in overlapping patterns within the anterior germ layers. Fgfs
1, 2, and 12 were broadly expressed in the nonneural
ectoderm, in the lateral endoderm, and in the extraembry-
onic mesoderm. Modest expression of these mRNAs was
detected in the mesoderm lateral to the cardiogenic primor-
dia and in the extraembryonic mesoderm. Fgf4 transcripts
were observed in the primitive streak, ventral neural plate,
and in the lateral endoderm, but were absent in the ALn the hepatogenic endoderm. (A–C) Ventral views of embryos in which AL
e in all photos) at stage 4+, then cultured for 12–18 h, and assayed by in situ
and E). Hex and Fox2a mRNAs are greatly reduced or not detectable in
Fox2a-stained embryo (C) has caused the developing neural tube, which
section of embryo in A showing almost complete absence of Hex expression
Hex expression is observed in blood islands within the far lateral mesoderm
d embryo in C. On the control side (left), the thickened Fox2a-expressing
the operated side (right), the heart tube is absent and the endoderm has
Bmp2-stained embryo in B. Endoderm on the operated side remains intact
to induce Hex or Fox2a expression in posterior endoderm. (H) Ventral view
a posterior region (arrow). Transverse section (G) through this region shows
w of a Fox2a-stained embryo following transplantation of AL mesoderm to
ansplant. (J–M) Failure of posterior mesoderm to support Hex expression in
AL mesoderm with posterior lateral mesoderm. Strong Hex expression is
mesoderm (arrow). (K) Transverse section through anterior of embryo in J.
t (operated) side. (L and M) Higher magnifications of the anterior lateral left
expression in blood islands within the transplanted posterior mesoderm.
Fig. 6. Fgf2 can substitute for mesoderm to support Hex and albumin expression in the endoderm. Explants of AL endoderm cultured in control medium (A and
B) or medium containing 5 ng/ml Fgf2 (C and D) for 48 h and then assayed for expression of Hex and albumin. (E) RT-PCR analysis showing upregulation of
Hex and albumin mRNA levels by Fgf2. (F) Reduction of albumin mRNA levels in explants of endoderm plus mesoderm exposed to Su5402. Culture of
posterior endoderm in the presence of 5 ng/ml Fgf2 (G) or 5 ng/ml Fgf2 plus 5 ng/ml Bmp2 failed to induce albumin expression. (I) Graphical analysis of
albumin expression in endoderm cultured in control medium or in medium containing Fgf2 or Fgf2 plus noggin. Effects of Su5402 on explants of endoderm
plus mesoderm are also shown. (J) Upregulation of albumin expression in the AL endoderm by Fgf1, 2, 4, and 8b. AL endoderm explants cultured for 48 h in
the presence of 5–50 ng/ml of the indicated Fgfs according to Jung et al. (1999) were scored for the presence or absence of albumin-expressing cells. No
differences were observed with differing Fgf concentrations.
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2002), Fgf8 expression was observed in epiblast and
ingressing cells of the primitive streak and in the AL
endoderm in a defined region that is somewhat more medial
than expression of Fgf4. AL endoderm expression of Fgf8
contributes to the heart-inducing properties of the endoderm
(Alsan and Schultheiss, 2002) and careful comparison
indicates that its expression overlaps with the medial ex-
pression domain of Hex in the endoderm. Thus, while all
Fgfs examined are expressed in lateral endoderm, none of
these ligands showed preferential expression in the lateral
mesoderm, even though results show that the mesoderm is
required for Hex, Fox2a, and albumin expression in the
endoderm, and that Fgfs can substitute for mesoderm to
support expression of these genes. These findings are
consistent with immunolocalization of Fgfs 1, 2, and 4
exclusively in the AL endoderm at stages 5–6 (Parlow et
al., 1991; Zhu et al., 1996).One potential explanation for the apparent discrepancy
between the endoderm-restricted expression of Fgfs and the
requirement of an Fgf-like signal from the mesoderm is that
a mesoderm signal might regulate expression of one or more
Fgfs in the endoderm, which then act in autocrine fashion to
induce hepatogenic gene expression. To test this possibility,
Fgf expression was assayed in embryos from which the
anterior mesoderm was unilaterally removed at stage 5. As
shown in Fig. 8, mesoderm removal had no effect on
expression of Fgfs 1, 2, 8, or 12.Discussion
Studies performed several decades ago using avian em-
bryos identified two temporally distinct roles for the meso-
derm in supporting hepatogenesis in the AL endoderm (Le
Douarin, 1975). Following the acquisition of competence
Fig. 7. Whole mount in situ hybridization analysis of Fgf 1, 2, 4, -8b, and 12 expression in stage 6–9 embryos.
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Fig. 8. Fgf expression in the AL endoderm is independent of the AL
mesoderm. Transverse sections of embryos in which the AL mesoderm was
removed from the right side at stage 5, incubated for 24 h, and then assayed
for Fgf expression by in situ hybridization. Fgf expression in the endoderm
was unaffected by removal of mesoderm (arrows). A portion of endoderm
was lost during processing on the left side of the Fgf-8-stained section.
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a primary inductive interaction involving a specific signal
from the cardiogenic mesoderm occurs before five somites
(stage 8), before the hepatogenic endoderm has coalesced at
the foregut midline. A second less specific signal from the
septum transversum mesenchyme is required for elaboration
of liver buds in the 20–22 somite embryo (stage 14). In the
present study, we have investigated signaling interactions
regulating the first specification step leading to the appear-
ance of albumin-positive hepatoblasts. We find that explants
of endoderm plus mesoderm from AL regions of late gastrula
embryos, which have been used extensively for studies of
cardiac myogenesis, also produce albumin-positive, endo-
derm-derived hepatoblasts. In vivo and explant studies show
that expressions of Hex and albumin require autocrine Bmp
signaling within the endoderm plus a paracrine signal from
the cardiogenic mesoderm that can be mimicked by Fgfs.
Endodermal expression of Fox2a also requires the mesoderm
but is independent of Bmp signaling. Paradoxically, while
several Fgf genes are expressed in the AL endoderm, an Fgf
expressed predominantly in the mesoderm was not identi-fied, and embryo extirpation studies failed to support a
requirement of mesoderm for Fgf gene expression in the
endoderm. Mechanisms regulating endodermal signaling
pathways activated by Fgfs may therefore be more complex
than previously appreciated.
Despite the large literature regarding regulation of cardiac
myogenesis in avian embryos, following the studies of Le
Douarin and others in the 1960s and 1970s, mechanisms of
hepatogenic induction in birds have received little attention.
This has likely been due to the relative ease in identifying
beating cardiac myocytes, while identification of developing
liver cells requires either localization of hepatoblast-specific
proteins or mRNAs, or morphological assessment of liver
bud outgrowth, the latter requiring several days to become
evident. While recent work in mice has highlighted the close
relationship between heart and liver development, in chick it
has been largely neglected that the ‘‘cardiogenic’’ endoderm,
which has been studied extensively for its regulation of heart
induction, itself forms the liver. Given the close physical
relationship between the cell layers of the two organ primor-
dia, it is not surprising that heart and liver development are
regulated by common sets of growth factors. Amodel of these
reciprocal interactions is shown in Fig. 9.
Hex regulation during hepatogenesis
The divergent homeobox gene Hex is among the earliest
molecular markers defining the hepatogenic endoderm
(Bogue et al., 2000; Newman et al., 1997; Thomas et al.,
1998; Yatskievych et al., 1999). In chick, expression of Hex
in the AL endoderm precisely overlaps the Bmp2 expression
domain, which by stage 6 is detected exclusively in the
endoderm. Recent work from this laboratory has shown that
Hex expression in the late gastrula avian hepatogenic
endoderm requires autocrine Bmp signaling, and also that
the mouse Hex promoter responds directly to Bmp signaling
through a defined Bmp responsive element (Zhang et al.,
2002). A transgenic analysis of mouse Hex gene regulation
has also defined a 5V promoter region required for Hex
expression in the liver bud (Rodriguez et al., 2001); the
Bmp responsive element identified by Zhang et al. (2002) is
apparently localized within this region. Collectively, these
findings provide convincing evidence in both organisms that
Hex expression requires Bmp signaling.
Based upon classical embryological studies in birds, and
the more recent published studies concerning hepatogenesis
in mouse showing that signals from the cardiogenic meso-
derm are required for hepatogenesis (Gualdi et al., 1996;
Jung et al., 1999), it was anticipated that Hex expression
might also require a signal from the mesoderm, though this
finding had not been previously reported. A signal from the
mesoderm is also necessary for expression of Fox2a and
albumin, the latter of which is presumably downstream of
both Fox2a and Hex. Expression of Hex and albumin require
autocrine Bmp signaling plus a paracrine Fgf-like signal
from the mesoderm, while expression of Fox2a requires
Fig. 9. Model of reciprocal signaling interactions regulating hepatogenesis
in the endoderm and cardiac myogenesis in the mesoderm. (A) Transverse
section from Fig. 7 showing one side of the anterior region of a stage 6
embryo stained for Fgf8 transcripts. Box outlines the cardiogenic
mesoderm and hepatogenic endoderm. (B) Diagrammatic representation
of the boxed region in A. Expression of Hex and albumin in the
hepatogenic endoderm requires autocrine Bmp signaling plus a paracrine
Fgf-like signal (Fgf*). Fox2a expression also requires the Fgf-like signal
but is independent of Bmp2. Expression of cardiogenic regulatory factors
Nkx2.5 and Mef2c in the adjacent mesoderm requires Bmp2 and Fgf8
produced by the endoderm (Schlange et al., 1998; Alsan and Schultheiss,
2002), while expression of Gata4 is independent of endoderm-derived
signals after stage 4 (Schlange et al., 2000).
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findings of Le Douarin (1975) showing that the mesoderm-
derived signal(s) responsible for primary induction is pro-
duced specifically by the cardiogenic mesoderm, we find
that the posterior mesoderm is incapable of supporting Hex
expression in the hepatogenic endoderm.
Several FGFs can substitute for mesoderm to support
Hex and albumin expression in isolated AL endoderm,
suggesting that the mesodermal signal is an Fgf, or a
molecule that can modulate an Fgf signaling pathway.
However, while mRNA localization analyses identify sev-
eral Fgf genes expressed in the endoderm (Fig. 7; Alsan
and Schultheiss, 2002; Karabagli et al., 2002a,b), an Fgf
showing preferential expression in the AL mesoderm was
not identified. Immunolocalization studies have reported
that Fgfs 1, 2, and 4 are present exclusively in theendoderm at stages 5–6, and only as the heart tube begins
to form is the Fgf2 protein detected in the myocardium
(Parlow et al., 1991; Zhu et al., 1996). Endoderm-derived
Fgfs have been implicated in regulating heart development
because Fgfs can mimic the endoderm to support survival
of precardiac mesoderm (Sugi and Lough, 1995), and in
combination with Bmp2 can convert posterior late gastrula
mesoderm to a cardiogenic phenotype (Barron et al., 2000;
Ladd et al., 1998; Lough et al., 1996; Sugi and Lough,
1995). Fgf2 can also substitute for the cardiogenic endo-
derm to induce Nkx2.5 in the mesoderm (Alsan and
Schultheiss, 2002), clearly defining a role in cardiac myo-
genesis for Fgf signaling from the endoderm. With respect
to liver development, although an Fgf ligand produced by
the AL mesoderm may yet be identified, we tested an
alternative possibility that signals from the mesoderm are
required for Fgf expression in the endoderm, which would
in turn act through an autocrine pathway to stimulate Hex
and Fox2a expression, and hepatogenesis. At least for the
known Fgfs, this seems unlikely because removing the
anterior mesoderm at stage 4–5 failed to reduce Fgf mRNA
levels in the endoderm (Fig. 8). It remains possible that the
mesoderm regulates autocrine Fgf signaling in the endo-
derm through other mechanisms, including regulation of
Fgf receptor expression or receptor activity, or expression
or activity of intracellular regulators of Fgf signaling
(Chambers and Mason, 2000; Lin et al., 2002). Another
possibility is that other receptor tyrosine kinase receptors in
the endoderm are important, though neither IGF nor EGF
could substitute for Fgfs to induce albumin expression in
AL endoderm.
Defining the liver field
To explore the competence of endoderm to activate Hex
outside of the endogenous Bmp expression domain, Bmp2-
soaked beads were implanted beneath the endoderm in
various regions of stage 5 embryos. Results show that Bmp
can activate Hex only in endoderm that is just rostral, lateral,
and slightly caudal to the endogenous expression area,
defining a region of Bmp responsiveness that is only slightly
larger than the endogenous Hex expression domain. This
regional ability to activate Hex may be regulated through
restricted endodermal expression of Bmp receptors or intra-
cellular pathway molecules such as Smads 1 or 5. Alterna-
tively, because Fgf signaling is also required for Hex
expression, an active Fgf signaling pathway within the
endoderm may be restricted to the anterior lateral domain.
This possibility seems difficult to reconcile with the presence
of multiple Fgfs in anterior cell layers (Alsan and Schultheiss,
2002; Karabagli et al., 2002a,b; Parlow et al., 1991; Zhu et al.,
1996). Fgf8, in particular, is expressed in the AL endoderm
overlapping with and extending somewhat more medially
than the Hex expression domain (Fig. 7; Alsan and Schulth-
eiss, 2002), yet anterior medial endoderm is not responsive to
Bmp2. This contrasts with the ability of Bmp2 to induce
W. Zhang et al. / Developmental Biology 268 (2004) 312–326324cardiogenic markers such as Nkx2.5 in the AL mesoderm
(Fig. 2; Andre´e et al., 1998; Schlange et al., 2000; Schultheiss
et al., 1997). Anterior medial mesoderm and endoderm
therefore show differential abilities to respond to Bmp2 and
activate cardiogenic versus hepatogenic genes, respectively.
Still another potential mechanism for restriction of Bmp
responsiveness of the endoderm is through localized expres-
sion of competence factors such as Fox2a and Gatas, which
have been shown to alter the conformation of compacted
DNA, rendering it available for binding of other transcription
factors (Bossard and Zaret, 1998; Cirillo et al., 2002; Shim et
al., 1998). Promoter analyses in cultured cells have shown
that activity of the mouse Hex promoter can be upregulated
by Fox2a and Gata4 (Denson et al., 2000), and so the ability
of Bmp2 to activate Hex expression in vivo may depend on
the localized expression of Fox2a and Gata factors. This
possibility should be directly testable by expression of these
factors in anterior medial or posterior endoderm.
Results reported here and elsewhere (Zhang et al., 2002)
show that Bmp2 produced by the AL endoderm regulates the
earliest stages of hepatogenesis in chick through autocrine
activation ofHex, while paracrine Bmp2 signaling is required
for expression of cardiogenic regulatory factors such as
Nkx2.5 and cardiomyocyte differentiation in the adjacent
mesoderm (Andre´e et al., 1998; Ladd et al., 1998; Schultheiss
et al., 1997). Localized expression of Bmp2 in the AL
endoderm therefore lies at the top of a hierarchy of gene
expression regulating both cardiac myogenesis and hepato-
genesis. Despite the crucial role that localized Bmp2 expres-
sion plays in defining the location of the heart and liver fields,
virtually nothing is known about how Bmp2 expression is
regulated in the endoderm. Our findings show that Bmp2
expression in the AL endoderm is independent of the meso-
derm or autocrine Bmp signaling, and preliminary studies
indicate that information necessary for localized Bmp2 ex-
pression within the AL endoderm is intrinsic to AL endoderm
and mesoderm by stage 5 (Z.W.J. and PBA, unpublished
observations). It has recently been proposed that the anterior
mesoderm is responsive to cardiogenic-inducing signals due
to the inhibition of canonical Wnt signaling, and also that
Wnts derived from the embryo axis may restrict cardiac
myogenesis to lateral domains (Marvin et al., 2001; Tzahor
and Lassar, 2001). It will be interesting to determine whether
Wnt signaling may also play a role in defining domains of
gene expression within the endoderm.Acknowledgments
We wish to acknowledge Prof. Nicole Le Douarin for her
pioneering work on avian cardiogenesis and hepatogenesis.
We thank Richard Harland for providing the control and
noggin-expressing CHO cells, and G. Schoenwolf, T.
Schultheiss, J. Lough, G. Martin, and G.H. Goodwin for
providing cDNAs. This work was supported by a grant to
PBA from the NIH (HL54133).References
Alsan, B.H., Schultheiss, T.M., 2002. Regulation of avian cardiogenesis by
Fgf8 signaling. Development 129, 1935–1943.
Andre´e, B., Duprez, D., Vorbusch, B., Arnold, H.-H., Brand, T., 1998. BMP-
2 induces ectopic expression of cardiac lineage markers and interferes
with somite formation in chicken embryos. Mech. Dev. 70, 119–131.
Antin, P.B., Taylor, R.G., Yatskievych, T.A., 1994. Precardiac mesoderm is
specified during gastrulation in quail. Dev. Dyn. 200, 144–153.
Antin, P.B., Zhang, W., Bales, M.A., Garriock, R., Yatskievych, T.A., 2002.
Precocious expression of cardiac troponin T during early avian embryo-
genesis. Dev. Dyn. 225, 135–141.
Arias, M., Garcia, C., Villar, J.M., 1987. Ultrastructural analysis of chick
embryo blastoderms explanted in vitro in absence of endoderm. Acta
Anat. 128, 27–32.
Barron, M., Gao, M., Lough, J., 2000. Requirement for BMP and FGF
signaling during cardiogenic induction in non-precardiac mesoderm is
specific, transient, and cooperative. Dev. Dyn. 218, 383–393.
Bedford, F.K., Ashworth, A., Enver, T., Wiedemann, L.M., 1993. HEX: a
novel homeobox gene expressed during haematopoiesis and conserved
between mouse and human. Nucleic Acids Res. 21, 1245–1249.
Boardman, P.E., Sanz-Ezquerro, J., Overton, I.M., Burt, D.W., Bosch, E.,
Fong, W.T., Tickle, C., Brown, W.R.A., Wilson, S.A., Hubbard, S.J.,
2002. A comprehensive collection of chicken cDNAs. Curr. Biol. 12,
1965–1969.
Bogue, C.W., Ganea, G.R., Sturm, E., Ianucci, R., Jacobs, H.C., 2000. Hex
expression suggests a role in the development and function of organs
derived from foregut endoderm. Dev. Dyn. 219, 84–89.
Bossard, P., Zaret, K.S., 1998. GATA transcription factors as potentiators of
gut endoderm differentiation. Development 125, 4909–4917.
Chambers, D., Mason, I., 2000. Expression of sprouty2 during early de-
velopment of the chick embryo is coincident with known sites of FGF
signaling. Mech. Dev. 91, 361–364.
Chapman, S.C., Schubert, F.R., Schoenwolf, G.C., Lumsden, A., 2002.
Analysis of spatial and temporal gene expression patterns in blastula
and gastrula stage chick embryos. Dev. Biol. 245, 187–199.
Cirillo, L.A., Lin, F.R., Cuesta, I., Friedman, D., Jarnik, M., Zaret, K.S.,
2002. Opening of compacted chromatin by early developmental tran-
scription factors HNF3 (FoxA) and GATA-4. Mol. Cell 9, 279–289.
Crompton,M.R., Bartlett, T.J.,MacGregor, A.D.,Manfioletti, G., Buratti, E.,
Giancotti, V., Goodwin, G.H., 1992. Identification of a novel vertebrate
homeobox gene expressed in hematopoietic cells. Nucleic Acids Res. 20,
5661–5667.
DeHaan, R.L., 1963a. Migration patterns of the precardiac mesoderm in the
early chick embryo. Exp. Cell Res. 29, 544–560.
DeHaan, R.L., 1963b. Organization of the cardiogenic plate in the early
chick embryo. Acta Embryol. Morphol. Exp. 6, 26–38.
DeHaan, R.L., 1964. Cell interactions and oriented movements during
development. J. Exp. Zool. 1571, 127–138.
Denson, L.A., McClure, M.H., Bogue, C.W., Karpen, S.J., Jacobs, H.C.,
2000. HNF3b and GATA-4 transactivate the liver-enriched homeobox
gene Hex. Gene 246, 311–320.
Duncan, S.A., 2003. Mechanisms controlling early development of the
liver. Mech. Dev. 120, 19–33.
Fukuda, S., 1979. The development of hepatogenic potency in the endo-
derm of quail embryos. J. Embryol. Exp. Morphol. 52, 49–62.
Fukuda-Taira, S., 1981. Hepatic induction in the avian embryo: specificity
of reactive endoderm and inductive mesoderm. J. Embryol. Exp. Mor-
phol. 63, 111–125.
Gonza´lez-Sanchez, A., Bader, D., 1990. In vitro analysis of cardiac pro-
genitor cell differentiation. Dev. Biol. 139, 197–209.
Gualdi, R., Bossard, P., Zheng, M., Hamada, Y., Coleman, J.R., Zaret, K.S.,
1996. Hepatic specification of the gut endoderm in vitro: cell signaling
and transcriptional control. Genes Dev. 10, 1670–1682.
Hamburger, V., Hamilton, H.L., 1951. A series of normal stages in the
development of the chick embryo. J. Morphol. 88, 49–92.
W. Zhang et al. / Developmental Biology 268 (2004) 312–326 325Hromas, R., Radich, J., Collins, S., 1993. PCR cloning of an orphan
homeobox gene (PRH) preferentially expressed in myeloid and liver
cells. Biochem. Biophys. Res. Commun. 195, 976–983.
Hunt, T.E., 1931. An experimental study of the independent differenti-
ation of the isolated Hensen’s node and its relation to the formation
of axial and non axial parts in the chick embryo. J. Exp. Zool. 59,
395–427.
Jung, J., Zheng, M., Goldfarb, M., Zaret, K.S., 1999. Initiation of mam-
malian liver development from endoderm by fibroblast growth factors.
Science 284, 1998–2003.
Karabagli, H., Karabagli, P., Ladher, R.K., Schoenwolf, G.C., 2002a. Com-
parison of the expression patterns of several fibroblast growth factors
during chick gastrulation and neurulation. Anat. Embryol. (Berlin) 205,
365–370.
Karbagli, H., Karabagli, P., Ladher, R.K., Schoenwolf, G.C., 2002b. Sur-
vey of fibroblast growth factor expression during chick organogenesis.
Anat. Rec. 268, 1–6.
Keng, V.W., Hideshi, Y., Masahito, I., Nagano, T., Myint, Z., Yamada, K.,
Tanaka, T., Sato, A., Muramatsu, I., Okabe, M., Sato, M., Noguchi, T.,
2000. Homeobox gene Hex is essential for onset of mouse embryonic
liver development and differentiation of the monocyte lineage. Bio-
chem. Biophys. Res. Commun. 276, 1155–1161.
Ladd, A.N., Yatskievych, T.A., Antin, P.B., 1998. Regulation of avian
cardiac myogenesis by activin/TGFb and bone morphogenetic proteins.
Dev. Biol. 204, 407–419.
Le Douarin, N., 1964. Induction de l’endoderme pre´-he´patique par le me´s-
oderme de l’aire cardiaque chez l’embryon de poulet. J. Embryol. Exp.
Morphol. 12, 651–664.
Le Douarin, N., 1969. Particularite´s du noyau interphasique chez la Caille
japonaise (Coturnix coturnix japonica). Utilisation de ces particularite´s
comme ‘‘marquage biologique’’ dans les recherches sur les interactions
tissulaires et les migrations cellulaires au cours de l’ontogene`se. Bull.
Biol. Fr. Belg. 103, 435–452.
Le Douarin, N.M., 1975. An experimental analysis of liver development.
Med. Biol. 53, 427–455.
Lin, W., Fu¨rthauer, M., Thisse, B., Thisse, C., Naihe, J., Ang, S.-L., 2002.
Cloning of the mouse Sef gene and comparative expression with Fgf8
and Spry2 during embryogenesis. Mech. Dev. 113, 163–168.
Linask, K.K., Lash, J.W., 1993. Early heart development: dynamics of
endocardial cell sorting suggests a common origin with cardiomyocytes.
Dev. Dyn. 196, 62–69.
Lough, J.W., Bolender, D.L., Markwald, R.R., 1990. A culture model for
cardiac morphogenesis. Ann. N. Y. Acad. Sci. 588, 421–424.
Lough, J., Barron, M., Brogley, M., Sugi, Y., Bolender, D.L., Zhu, X.,
1996. Combined BMP-2 and FGF-4, but neither factor alone, induces
cardiogenesis in non-precardiac embryonic mesoderm. Dev. Biol. 178,
198–202.
Matsumoto, K., Yoshitomi, H.J.R., Zaret, K.S., 2001. Liver organogenesis
promoted by endothelial cells prior to vascular function. Science 294,
559–563.
Marvin, M.J., Di Rocco, G., Gardiner, A., Bush, S.M., Lassar, A.B., 2001.
Inhibition of Wnt Activity Induces Heart Formation. Genes Dev. 15,
316–327.
New, D.A.T., 1955. A new technique for the cultivation of the chick em-
bryo in vitro. J. Embryol. Exp. Morphol. 3, 326–331.
Newman, C.S., Chia, F., Krieg, P.A., 1997. The xHex homeobox gene is
expressed during development of the vascular endothelium: overexpres-
sion leads to an increase in vascular endothelial cell number. Mech.
Dev. 66, 83–93.
Nieto, M.A., Patel, K., Wilkinson, D.G., 1996. In situ hybridization anal-
ysis of chick embryos in whole mount and tissue sections. Methods in
Cell Biology, vol. 51. Academic Press Inc., New York.
Orts-Llorca, F., Gill, R.D., 1965. Influence of the endoderm on heart dif-
ferentiation. Wilhelm Roux’ Arch. Entwickl.mech. Org. 156, 368–370.
Parlow, M.H., Bolender, D.L., Kokan-Moore, N.P., Lough, J., 1991. Lo-
calization of bFGF-like protein as punctate inclusions in the presenta-
tion myocardium. Dev. Biol. 146, 139–147.Rawles, M.E., 1936. A study in the localization of organ forming areas
in the chick blastoderm of the head-process stage. J. Exp. Zool. 72,
271–315.
Rawles, M.E., 1943. The heart-forming regions of the early chick blasto-
derm. Physiol. Zool. 16, 22–42.
Rodriguez, T.A., Casey, E.S., Harland, R.M., Smith, J.C., Beddington,
R.S.P., 2001. Distinct enhancer elements control Hex expression dur-
ing gastrulation and early organogenesis. Dev. Biol. 234, 304–316.
Rosenquist, G.C., 1966. A radioautographic study of labeled grafts in
the chick blastoderm. Development of primitive-streak stages to
stage 12. Carnegie Inst. Washington Publ. 625, Contrib. Embryol.
38, 111–121.
Rosenquist, G.C., 1970. Location and movements of cardiogenic cells in
the chick embryo: the heart-forming portion of the primitive streak.
Dev. Biol. 22, 461–475.
Rossi, J.M., Dunn, N.R., Hogan, B.L., Zaret, K.S., 2001. Distinct meso-
dermal signals, including BMPs from the septum transversum mesen-
chyme, are required in combination for hepatogenesis from the
endoderm. Genes Dev. 15, 1998–2009.
Schlange, T., Andre´e, B., Arnold, H.-H., Brand, T., 2000. BMP2 is required
for early heart development during a distinct time period. Mech. Dev.
91, 259–270.
Schultheiss, T.M., Xydas, S., Lassar, A.B., 1995. Induction of avian cardiac
myogenesis by anterior endoderm. Development 121, 4203–4214.
Schultheiss, T.M., Burch, J., Lassar, A., 1997. A role for bone morphoge-
netic proteins in the induction of cardiac myogenesis. Genes Dev. 11,
451–462.
Sherer, G.K., 1975. Tissue interaction in chick liver development: a reeval-
uation: II. Parenchymal differentiation: mesenchymal influence and
morphogenetic independence. Dev. Biol. 46, 296–308.
Shim, E.Y., Woodcock, C., Zaret, K.S., 1998. Nucleosome positioning
by the winged helix transcription factor HNF3. Genes Dev. 12,
5–10.
Sugi, Y., Lough, J., 1994. Anterior endoderm is a specific effector of
terminal cardiac myocyte differentiation of cells from the embryonic
heart forming region. Dev. Dyn. 200, 155–162.
Sugi, Y., Lough, J., 1995. Activin-A and FGF-2 mimic the inductive effects
of anterior endoderm on terminal cardiac myogenesis in vitro. Dev.
Biol. 168, 567–574.
Sugi, Y., Lough, J., 2000. Endoderm and heart development. Dev. Dyn. 217,
155–162.
Sugi, Y., Sasse, J., Lough, J., 1993. Inhibition of precardiac mesoderm cell
proliferation by antisense oligodeoxynucleotide complementary to fi-
broblast growth factor-2 (FGF-2). Dev. Biol. 157, 28–37.
Sumiya, M., 1976. Localization and autodifferentiation potencies in the
early blastoderm of the chick embryo. J. Fac. Sci., Univ. Tokyo, IV
13, 363–381.
Sumiya, M., Mizuno, T., 1976. Development of the autodifferentiation
potencies in the endoderm of the chick embryo. Proc. Jpn. Acad. 52,
587–590.
Thomas, P.Q., Brown, A., Beddington, R.S.P., 1998. Hex: a homeobox
gene revealing peri-implantation asymmetry in the mouse embryo and
an early transient marker of endothelial cell precursors. Development
125, 85–94.
Tzahor, E., Lassar, A.B., 2001. Wnt signals from the neural tube block
ectopic cardiogenesis. Genes Dev. 12, 255–260.
Walters, M.J., Wayman, G.A., Christian, J.L., 2001. Bone morphogenet-
ic protein function is required for terminal differentiation of the heart
but not for early expression of cardiac marker genes. Mech. Dev.
100, 263–273.
Willier, B.H., Rawles, M.E., 1931. Developmental relations of the heart
and liver in chorioallantoic grafts of whole chick blastoderms. Anat.
Rec. 48, 277–301.
Yamazaki, Y., Hirakow, R., 1991. Factors required for differentiation of
chick precardiac mesoderm cultured in vitro. Proc. Jpn. Acad. 67
(Ser. B), 165–169.
Yatskievych, T.A., Pascoe, S., Antin, P.B., 1999. Expression of the
W. Zhang et al. / Developmental Biology 268 (2004) 312–326326homeobox gene hex during avian embryogenesis. Mech. Dev. 80,
107–109.
Zaret, K.S., 2002. Regulatory phases of early liver development: paradigms
of organogenesis. Nat. Rev. 3, 499–512.
Zhang, W., Yatskievych, T.A., Cao, X., Antin, P.B., 2002. Regulation ofHex gene expression by a Smads-dependent signaling pathway. J. Biol.
Chem. 277, 45435–45441.
Zhu, X., Sasse, J., McAllister, D., Lough, J., 1996. Evidence that fibroblast
growth factors 1 and 4 participate in regulation of cardiogenesis. Dev.
Dyn. 207, 429–438.
